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Abstract

This proposal presents a visualization framework, based on a data model, that supports the

production of effective graphics for scientific visualization. Visual representations are effective

only if they augment comprehension of the increasing amounts of data being generated by

modern computer simulations. These representations are created by taking into account the

goals and capabilities of the scientist, the type of data to be displayed, and software and hardware

considerations. This framework is embodied in an assistant-based visualization system to guide

the scientist in the visualization process. This will improve the quality of the visualizations and

decrease the time the scientist is required to spend in generating the visualizations. I intend

to prove that such a framework will create a more productive environment for the analysis and

interpretation of large, complex data sets.
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1 Introduction

Computer simulations are producing increasingiy larger data sets. To perform a thorough analysis

of these data sets simply by studying the numbers is difficult, if not impossible. As a result, the

technology to graphically display this data is essential. Scientific visualization is an enabling tech-

nology that assists the scientists with the analysis of the large data sets currently being produced.
A number of visualization systems exist to analyze simulation data sets [1, 21, 35, 39]. However,

each of these systems requires the scientist to build each visualization explicitly. The scientist is

required to know what types of representations are available and which representations fit which

types of data. Scientists typically do not have a background in visualization, so they often seek

assistance from a visualization expert to help them display their data. If such an expert is not

available, it is up to the scientist to generate his visual representations. Not only does this require

a great deal of time in learning to use the tools, but, because the scientist does not have a background

in visualization, he could generate a representation that leads to confusion or misinterpretation.

For these scientists, the complexity of current visualization systems has caused them to avoid using

the technology that could potentially be very valuable to them.

For example, a fluid dynamicist is interested in viewing a velocity vector field computed over the

wing of an airplane. The fluid dynamicist is required to 1) determine what visualization techniques

are useful in viewing velocity fields, 2) find the software that implements such techniques, 3) learn

to use the software so that she can create the visualization, and 4) correctly select from the many

options to enhance the image such as color, lighting, viewpoints, etc. If the fluid dynamicist is

interested in viewing a complex relationship in her data set, such as how the pressure of the fluid

flow affects the deformation of the wing, the risk of developing poor representations is increased as

is the amount of time spent using the software tools. This time could be better applied to analyzing

the data and understanding its behavior.

The rapid generation of visualizations is especially important due to the exploratory nature of

scientific domains, in which visualizations will be viewed briefly and then discarded. Scientists need

a tool to support the data analysis process. This tool must give them easy access to visualization

technology so they may concentrate on their scientific problem. Current visualization tools impede

this process by requiring the scientist to know how to apply visualization technology to their domain.

To maximize the benefit of the vast amount of scientific information produced by computers,

intelligent systems that can assist the scientist in performing productive visual data analysis would

be beneficial. A computer visualization assistant would provide guidance to scientists who do not

have visualization expertise nor access to a human visualization expert. Several benefits would arise

by providing this assistance to the scientist. Since the scientist is often unaware of the constraints

imposed by computer software, hardware and the human visual system, the resulting visualizations

will be better suited for the task at hand. The amount of time learning how to use visualization

software and generating visualizations will be reduced, allowing the scientist to concentrate his time

on studying the simulation results.

The development of an assistant-based system entails several components. Information about

the data, the user, and the available hardware and software is important in order to generate the

appropriate visualization. In addition, knowledge from graphic design, visual perception, and the

scientific domains provides essential information. The information from these sources can be used

to produce visualizations based on the goals and capabilities of the scientist, the type of data to be

displayed, and software and hardware resources.

The integration of this information forms a complex system. In order to abstract this complex-

ity, the development of models to describe each component of the visualization system is helpful.

Data modeling involves organizing the data into an appropriate form so that information can be



extractedeasily.Usermodelingdescribesthegoalsandcharacteristicsof the usersothesystemcan
better adaptto her requirementsand preferences.The machinemodelis necessaryto determine
howeachaspectof the computer,bothsoftwareandhardware,impactsthe resultingvisualization
andinteractiontechnique.Tying togetherthe informationin thesemodelsis the knowledgebase,
containingfactsandrulesfrom graphicalpresentation,visualperceptionandexpertisein the sci-
entificdomains.Theinformation in the knowledgebasecanbe coupledwith the data, userand
machinemodels,presentingthe scientistwith effectivevisualizations.

Thedevelopmentof avisualizationsystemrequirestheintegrationof thecomponentsmentioned
abovein orderto providethe scientistwith a comprehensivesystemfor theproductionof effective
visualrepresentations.Thisproposalpresentsworkin buildingthebaseof this visualizationsystem
to assistthe scientistwith thevisualizationprocess.An overviewof theproposedresearchprojectis
presentedin Section2. Section3reviewspastandcurrentresearchthat hasimpactedthis proposal.
A morethoroughdescriptionof the researchproposalis presentedin Section4. This sectionalso
includesa descriptionof thespecificapplicationdomainonwhichthis modelwill betested.Section
5 describesthe contributionsof this researchand section6 presentsa timelinethat describeshow
this project will be implemented.Finally,in Section7, conclusionsaswellasplansfor additional
researcharepresented.

2 Research Proposal - An Overview

The goal of this project is to assist the scientist with the design of effective graphics for scientific

visualization. Effective graphics, in a general sense, describe useful visual representations that aid

the scientist with the interpretation of data. Mackinlay[22] uses the term "effective", along with the

term "expressive", more specifically in characterizing what exactly defines a useful visualization. In

his work, "effective" suggests how well a graphical technique exploits the capabilities of the output

medium and human visual system to ensure a correct and quick judgement of the data. The

complementary word "expressive" describes how well a graphical representation encodes the data

attributes, presenting all the relevant information (and only the relevant information) to the user.

The use of these terms have become somewhat standard, used by many as the criteria in designing

graphical presentations. These terms are used in this proposal for evaluating visual representations
of scientific data.

The goal of this project manifests itself in two ways. First, effective visualizations will be pro-

duced that will aid the scientist in interpretation by taking into account rules of graphic design,

perception and knowledge in the scientific domains. Second, visual data analysis will be more

productive for the scientist, because the scientist will no longer be required to understand visual-

ization techniques and visualization systems. Instead, they will be provided with a system that

incorporates this knowledge, allowing them to spend the maximum amount of time analyzing their
data with the minimum amount of effort.

In order to achieve this goal, an assistant-based system will act as a visualization expert in

guiding the scientist in the creation of visualizations. This system will be based on a framework

that consists of a data model, a user model, and a machine model. The integrating component of the

framework will be the knowledge base. The system uses information stored in the knowledge base,

together with the information in the individual models to suggest useful visualization techniques.

The data model represents the data contained in the scientific domain. The data for each

domain contains the geometry of the simulated object, the data variables that have been calculated

in the simulation, and the relationships between the data variables. This information is embodied

in an object-oriented model.



To complementthe datamodel,theusermodeldescribeseachscientistandhercharacteristics.
Thesecharacteristicsincludetheinterpretationaimsof thescientist,thebackgroundof thescientist,
and any limitations the scientistmay possess.The interpretationaimsspecifywhat information
the scientistis trying to extract from the data. This informationcan bedetailed(i.e. locating
certainvaluesof data points)or the informationcanbegeneral(i.e. investigatinglocal trendsin
the data). Backgroundinformationabout the scientistmight includeinformationsuchaswhat
type of computersheusesor what typeof userinterfacesheprefers.Thelimitations of a scientist
areintendedto describephysicalconstraintssuchasa colorblindness.

The machinemodel incorporatesinformationabout the resourcesavailablein the scientist's
computingenvironment.This includesinformationaboutthe characteristicsandlimitationsof the
softwareand hardwareavailablefor performingvisualdataanalysis.

Theknowledgebasecontainsinformationthat influencesthe mappingof data to visualizations.
The scientistis often unawareof the constraintsimposedby the computerandthe humanvisual
system.Theinformationin theknowledgebase,obtainedfrom thefieldsof graphicalpresentation,
visualperceptionandfrom the individualdomains,attemptsto fill this void.

This frameworkdefinesthecomponentsthat arecritical in thevisualizationprocess.However,
eachof the componentsin this frameworkis a researchprojectin itself. Datamodels,usermodels
andknowledgebasesystemshavebeenstudiedfor manyyearsin the databaseandartificial intel-
ligencefieldsand researchis still ongoingin theseareas.As a result, a simphfiedversionof this
frameworkwill be examinedin orderto thoroughlystudythe principalcomponentof the frame-
work, the data model,and howthe mappingof data to visualizationsis performedusingrulesin
the knowledgebase.

The data modelwasselectedasthe main and driving componentof the visualizationframe-
work. The characteristicsof the data definewhat visualizationtechniqueshouldbe appliedto
the data. The information in the userand machinemodelsis important in the selectionof this
mapping.However,the userandmachinemodelsonly supportandrefinethe mappingsfrom data
to representation.Their impact canbestudiedasa later researchproject in the developmentof
this visualizationframework.

Thedata modelwill characterizedatasetsinvolvedin a multidisciplinary(fluid dynamicsand
structuraldynamics)project currentlyin progressat the NASAAmesResearchCenter.The map-
pingsfrom data to visualizationwill be basedon simplifieduserand machinemodels.The user
modelwill characterizea computationalscientistinvolvedin the project,hispreferencesand work-
ing environment.The hardwaremodelwill describethe systemthat is in the scientist'sworking
environmentat NASAAmes.The knowledgebasewill containinformationaboutvisualpresenta-
tion techniques,perceptualconsiderationsandknowledgefrom the scientificdomains.

The end product of this researchproject will be a prototype versionof an assistant-based
visualizationsystem.With this prototypesystem,the scientistwill be ableto selectdataobjects
and expresshis interpretation aim to the system.The systemwill processthis informationand
suggesta set of visualizationsto the scientist,completelyrenderedand annotated.The scientist
will beinformedaboutthepropertiesofthevisualizationsandwhytheywereselected.Thescientist
mayoverridetheseselectionsat any time.

This prototypesystemwill beimplementedin Superglue[16],anobject-orientedprogramming
environmentbasedon the languageScheme.Superglueis underdevelopmentat the NASA Ames
ResearchCenterandsupportsa richbaseof visualizationprimitives. Asa result,the programming
of visualizationtechniquescanbe kept to a minimumby taking advantageof previouslywritten
software.

In orderto showthat an assistant-basedsystemof this type is advantageousin analyzingthe
largedatasets,scientistswill beinterviewedduringthe projectphasesand uponcompletionof the



project. Questionswill be askedregardingthe effectivenessof this type of approachin analyzing
data. Interactionwith the userwill occurthro.ughoutthe developmentof the system.This will
providevaluableinput to the direction of the project and will influence the design of the user
interface.

3 Related Work

This project presents the development of a data model as the foundation of an assistant-based

visualization system. The use of models is a successful method for the design and implementation of

complex systems. Model building allows for a disciplined approach to the design process by adhering

to principles of decomposition, abstraction and hierarchy[3]. The following sections describe the

use of data models and visualization models in previous research.

3.1 Data Models

Data models have been used successfully in database applications to organize large amounts of data.

Different modeling paradigms have evolved as the needs for data representation have changed. The

selection of one of these modeling paradigms is necessary to implement the data model for this

project. It is important to select the appropriate paradigm, since this defines the structure for

the data representation. The following paragraphs describe the different paradigms used for data

modeling: the hierarchical model, the network model, the relational model, the semantic model

and the object-oriented model.

The hierarchical data model is the oldest type of data model. It is based on the concept that

data in the real world can be perceived and organized in a hierarchical manner. These relationships

are captured in hierarchical tree structures that are ordered from parent to child. Each node of

this tree is an entity, called a record type, that is composed of one or more attributes, called data

items, that describe the entity[19].

The network model was based on the 1971 report published by the CODASYL Data Base Task

Group[25]. The network model is composed of entities that are defined by record-type definitions.

These definitions consist of a name and the fields that describe the entity being specified. Rela-

tionships between entities are specified by set types, where a set is composed of an owner record

type and a member record type. This structure allows for a one-to-many mapping and complex
structures are formed when sets are allowed to intersect.

The relational model was popularized in the early 1970s, replacing the hierarchical and network

models as the premier data model in research and commercial applications. Structurally, the user
sees the relational database as a collection of tables called relations. The rows of a table are called

tuples and represent instances of a entity. The columns of the relation are the attributes of the

entity type. The domain is the set of all values that can appear in a given column. Relational data

models are operated on using the relational algebra. The relational algebra consists of operators

that perform tasks such as union, intersection, difference, select, project and join. Each of these

operators takes one or more operands and produces a new relation as a result[19].

During the time of interest in relational models, the semantic model[14] was developed due to the

lack of semantics in the hierarchical, network and relational models. The semantic model provides

a more natural way to specify the design of a database. The model allows for the representation

of objects of interest in a way that more closely resembles the view the user has of these objects

and relationships. These abstractions allow the designer to model an abstract object based on the

properties or attributes of the object. The capability to derive data is another appealing aspect of

the semantic model. This capability allows the designer to have access to data values that do not



necessarilyneedto bestored,but whichcanbecomputedasneeded.
Object-orientedmodelsroseto popularityfrom their predecessor,the semanticmodel. The

object-orientedmodelis superiorto its predecessorsin its ability to modelboth the structuraland
behavioralcomponentsof data. As a result,object-orientedmodelsrepresententitiesthe waythey
areperceivedin the the realworld. Object-orientedmodelshavesupportfor generaldata types,
nestedobjects,andallowfor compute-intensiveapplications.

Object-orientedmodelsaresuperiorto hierarchical,network,relationMand semanticmodels
whendealingwith scientificdatabecausetheyoffersupportfor thecomplexitiesinherentin scientific
data. Traditionalmodelsdo not fit the needsof the multidimensional,heterogeneous,hierarchical
structuresfoundin scientificdata. Conceptssuchasa classhierarchy,inheritance,and methods
are not presentin the hierarchical,networkand relationaldata models. Semanticmodelslack
the methodsthat allow for the manipulationof the behavioralstateof the model. Therefore,the
object-orientedmodelingparadigmis themostappropriatemodelfor managingthe complexityof
scientificdata.

The main conceptsof the object-orientedparadigmincludeabstraction,encapsulation,and
inheritance[3].Abstractionis an effectiveway to dealwith complexity,sinceit breaksdetailed
systemsinto simpleconceptualobjectswith distinct boundaries.Abstractionis possibleduethe
similaritiesbetweenobjectsandprocessesin therealworld. It takesadvantageof thesesimilarities,
providinggroupingssothat thecomplexitiesarehiddenandonly the basicconceptsareobviousto
the viewer.

Encapsulationcapturestheessenceof theobjectparadigm,providingaclearseparationbetween
the externalworkingsof objectsandtheir internal implementation.Encapsulationandabstraction
are complimentaryto eachother. Abstractionfocuseson the outsideview of the object, while
encapsulationprovidesa mechanismfor hiding the inside,detailedview,whichdoesnot needto
beseenby the user.

Although abstractionallowsfor the decompositionof complexsystems,there is usuallymore
information than the usercanhandle. The needarisesfor sometype of orderingmechanismto
controltheseabstractionssothat the usermaycomprehendtheoverallsystem.Inheritanceis one
mechanismthat allowsfor this ordering.Inheritancedefinesrelationshipsamongobjects.A class
of objectscaninherit structureor behaviorfrom anotherclassof objects.

Object-orienteddatamodelshavethe capabilityto representandmanipulatecomplex,nested
objects. Thesemodelsalsoproviderich mechanismsfor representingstructurally complexinter-
relationsamongscientificdata. Includedin the benefitsof the object-orientedparadigmare the
increasedseparationof conceptualand physicalcomponents,decreasedsemanticoverloadingof
relationshiptypes,and theavailabilityof convenientabstractionmechanisms.

3.1.1 Data Models in Visualization Systems

For the mostpart, visualizationsystemsignorethe issueof datamanagementand data represen-
tation. Typically,accessis providedvia a flat file structureand the format of the data is hidden
within the software.Data is not dealt with coherentlyanddata formatsoften limit the sizeand
dimensionalityof datasetsandthe knowledgeaboutthe data that canbe represented.

Designersof severalvisualizationsystemshavebegunto acknowledgethe needfor datamodels
in theform of flexibledatastructuresandstandarddata formats.However,mostof thesesystems
placethe emphasison data-structure-drivenmodelsinsteadof knowledge-(or domain-)driven
models[37].The resultof this emphasisis the lossof the semanticscontainedin the data. This is
the main differencein the modelspresentedbelowandthe datamodelproposedin this project.

Manyof thepopularcommercialsystemsusethedataflowparadigm.Thedatain thesetypesof
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systemsarestoredasastreamof bytes,transferredbetweenthemodulesthat compriseadata-flow
_'map".Typically, a datasetis readfrom a file usingonemodule,passedasa streamof bytesto
anothermodulewhereit is transformedinto a user-selectedvisualization,and thenpassedto the
renderingmodulefor display.

The Explorerpackagefrom SiliconGraphicsemploysthe data-flowparadigm.Explorerhasa
flexibledatamodel(structure) that describesthecomplexdatasetsthat currentlyexist. Although
this datastructureis veryaccommodating,datastill exist in largefiles.When the modulesin the
Explorermapareexecuted,the largedatasetssimplyflow througheachmodulein the map.

IBM's DataExploreris alsoadata-flowsystem.Thisdatamodelis similar to Explorer'sin the
sensethat it is structurebasedrather thanknowledge-(or domain-)based.Structuresthat canbe
representedincludedatadefinedonaregularorthogonalgrid, dataona deformedregulargrid and
dataon a varietyof irregulargrids suchastriangular, quadrilateraland tetrahedralgrids. These
underlyingdatastructuresareimportant,but thesemanticsof the datasetarelostandcannotbe
used.

Otherexamplesof datamodelsincludeformatscurrentlyusedfor storingandtransferringdata.
Again,theseexamplesaremoredata formatsbasedon flexibledata structuresthan datamodels
that representsemanticknowledgeaboutthedatasets.NASA'sCDF (CommonDataFormat)was
oneof first implementationsof a datamodel[36].It is basedon the conceptof providingabstract
supportfor theclassof datathat canbedescribedbyamultidimensionalblockstructure. Unidata's
netCDFisanothermodelfocusedon issuesof datatransport[26].HDF(HierarchicalDataFormat),
from NCSA,concentrateson the needto movefilesof dataamongheterogeneousmachines[24].

3.2 Visualization Models

Modelsand systemsfor the automaticgenerationof effectivegraphicalpresentationshaverecently
developed[4,9, 10,22,28,29,30,31,32,33,41]. The applicationsvary in eachof theseresearch
projects,from the presentationof chartsandgraphsto thepresentationof images.However,they
sharea commongoalof developingtoolsand techniquesto makethe dataanalysisprocessmore
intuitive and productive. Researchersin this areahaverecognizedthe importanceof the several
disciplinesnecessaryfor thecreationofeffectivegraphicalpresentations,namelycomputergraphics,
datamanagement,graphicdesign,perceptualpsychologyanduserinterfacedesign.All researchers
striveto definethe componentsof the graphicdesignprocess,viewingcurrent ad hoc methods as

unacceptable for future graphics and visualization systems.

Visualization is essentially a mapping process, taking data attributes and mapping them into

visualizations[7]. Data analysis systems are emerging that perform this mapping based on rules

of perception and graphical presentation. Feiner[10] calls these systems "graphically articulate"

in that they attempt to accurately convey the meaning of the representation to the user. These

systems can have varying levels of autonomy in the user interface, to suit the needs and capabilities

of the scientist. A computerized assistant can suggest appropriate representations based on the

characteristics of the data. A completely autonomous system can create representations and identify

sources of interest based on mathematical analysis, pattern matching and a large database of
information obtained from the user.

The issue of automated versus semi-automated systems is one of importance. Completely au-

tonomous systems are typically not successful due to the vast amount of knowledge and inference

capabilities they must contain. Semi-automated systems, therefore, are probably more likely for

visualization systems in the near future. Paradigms for semi-automated systems include assistant-

based, critic-based, improver-based and cooperative computer-aided design[10]. Assistant-based

systems offer suggestions to the user based on their specific goal and the information in the knowl-



edgebase.Critic-basedsystemscritiquethe visualizationcreatedby the userbasedon the infor-
mationin the knowledgebase.Improver-basedsystemsaddor enhancethe designcreatedby the
userautomatically.Finally, cooperative,computer-aideddesignsinvolvethe expertiseof both the
userandthe computer,taking turns in developingrepresentationsin an iterative manner.

Someof the researchperformedin this areais presentedbelow. The systemshavedeveloped
from conceptualideasto simplegraphicstoolsto visualizationsystemsthat helpthe userwith the
designof graphicalpresentations.

Haberand McNabb[13]developedthe conceptof "visualizationidioms",a modelto aid in the
generationof complexvisualizationsof largescalenumericsimulations.The visualizationmodelis
presentedasa setof generalizedmappingsthat transformrawdata into geometricalabstractions.
The goal is to convertthe raw data into a format that canbeunderstoodby the humanvisual
systemwhilemaintainingtheintegrity of the data. Threetransformationsoccurin theprocessof
transformingrawdatainto a visualization.Thefirst transformationinvolvesenrichingor enhancing
the data, in orderto processit into a form fit for visualization.The next transformationinvolves
the visualizationmapping,or the creationof an "abstractvisualizationobject" (AVO) that maps
the simulationdata into attribute fields. Theseattribute fieldsmight includegraphicalqualities
suchasgeometry,time, color,transparency,luminosity,etc. Thefinal transformationof the data
involvesrendering.The resultingimages,or "visualizationidioms", refer to theabstractmeaning
of picturesasa visualizationof scientificdatasets.

Mackinlay[22]developedAPT (A PresentationTool) to automaticallygenerategraphicalpre-
sentationsof relationalinformation.Themodelisdescribedby data, task and user directives. APT

contains a description of the information and task, defines evaluation criteria in formal terms, and is

able to compose multiple items and relations into one effective display. Mackinlay uses composition

rules to define appropriate combinations of simple graphics primitives in the generation of represen-

tations. To map from an internal representation to displayable images, evaluation criteria such as

importance (ranking of tasks), expressiveness (encoding of data attributes), and effectiveness (psy-

chophysical principles) are used. Although restricted to relational data and two-dimensional charts,

Mackinlay's work is a foundation for complex visualization systems aiming towards automating the

design of graphical presentations. Problems and areas in which Mackinlay believes additional work

is necessary include an automated presentation tool for three-dimensional data as well as tools

for automating the extraction of features in the data, the interpretation of these features and the

discovery of new types of phenomena in the data.

Robertson [28, 29, 30] developed visualization guidelines by observing natural scenes and match-

ing data and task characteristics to two-dimensional and three-dimensional scene parameters.

Robertson's approach is different from previous techniques in that he has a complete and coher-

ent scene in mind already before the mapping stage begins. By restricting the user to predefined

scenes, the natural scene paradigm guarantees perceptually valid mental models. De Ferrari [30]

expanded this original paradigm to include a more elaborate data model, user directives, and user

interpretation aims (the latter two combined under the term "visualization specification") as input

to the visualization system. The goal of this model is the automatic generation of visualizations.

Wehrend and Lewis[41] describe each visualization process by two dimensions: a) the charac-

teristics of the information to be displayed and b) the specific perceptual task to be performed on

the resulting images. The finite number of data characteristics and the finite number of percep-

tual tasks define a two-dimensional matrix in which each element contains expressive and effective

examples of visualizations. If more than one tuple (data, task) is to be represented in the same

display, the user is responsible for setting priorities for the composition of representations.

The VISualization Tool Assistant (VISTA) [32] is a system, developed by Senay and Ignatius,

which generates visual representations automatically. VISTA emphasizes the mapping of data



attributes to primitive visualizationtechniques,which_incodeonedependentandup to four inde-
pendentvariables.The synthesisof visualizationtechniquestakesplacein threesteps. The first
stepinvolvesdecomposingthedatasothat eachelementcanbe representedby a singlevisualiza-
tion primitive technique.The secondstepinvolvesusingrulesof effectivenessandexpressiveness
to find the proper visualizationtechniquefor eachdata component. VISTA usesa depth-first
searchuntil it finds a visualizationtechniquethat canexpressa givenrelation,providedthat the
visualizationtechniquehasnot alreadybeenusedto visualizeanotherrelation. In the final step,
primitive techniquesarecombinedto form a compositevisualizationby applyingthe appropriate
compositionrules. The useris ableto interactivelymodify certainattributes of the visualization
without causinginconsistenciesin thefinal design.

4 A Framework for the Design of Effective Graphics for Scientific

Visualization

This section describes the framework of an assistant-based system for the visualization of complex

data sets, following the lead of the research mentioned in the previous section. Although the

entire framework is presented below for completeness, this project and this proposal emphasize the

data model as the central and driving component. The information in the knowledge base is also

important in that it provides the facts and rules that establish the visualization mappings.

In order to perform a proof of concept, a specific application, multidisciplinary fluids/structures

interaction, has been chosen to test the development of the visualization framework. The following

sections describe the environment and data involved in the multidisciplinary simulations performed
at the NASA Ames Research Center.

4.1 Multidisciplinary Visualization for Computational Aerosciences

Computational fluid dynamics (CFD), the study of fluid flow via numerical simulation, assists

scientists and engineers in developing a better understanding of fluid flow and how it affects the

flight characteristics of aircraft and aerospace vehicles. These simulations can involve large data

sets composed of multiple grids and multiple physical variables. For example, a recent simulation of

an F-18 aircraft[27] involved a grid composed of 1.6 million points, each with five physical variables

per instant in time.

The data involved in these simulations typically include one or more computational grids filling

a volume around the object, together with scalar and vector fields defined on these grids. Many

additional variable fields can be derived from the existing data using the laws of physics. These

variables describe the characteristics of the vehicle in the computer simulation. The structure of

these data sets and their interrelations are important to describe so that the maximum amount of

information may be obtained from the simulation results.

With increases in computing power, scientists have become interested in the study of integrated,

multidisciplinary simulations. These simulations can involve interactions between disciplines such

as fluid dynamics, structural dynamics, chemistry, combustion, and controls. Large, single discipline

CFD data sets are complex and difficult to manage. The combination of data sources from multiple

disciplines raises the importance of data management and representation. Methods and models to

organize data and represent relationships between data variables and data sets are as important to

visualization research as visualization techniques.

Multidisciplinary simulations require the use of both structured and unstructured grids. Struc-

tured grids are based on a rectangular connectivity that defines the nearest neighbor for each
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elementin thegrid. However,the actualphysicallocations.ofthe grid pointscanform curvedand
warpedsurfacesin an attempt to closelymodel the surfaceof the geometry.Unstructuredgrids
donot possessthis samerectangularconnectivity.The grid cellsin an unstructuredgrid canbe
a varietyof shapes(i.e. triangles,quadrilaterals,tetrahedra,prisms). The connectivityof these
elementsis explicitly specifiedby a list whichcontainsthe grid points in the orderin whichthey
areconnected.

Oneof the multidisciplinarydatasetsthat will beusedto test this assistant-basedvisualization
systemis the High SpeedCivil Transport(HSCT).The geometryof the HSCTin the structures
domainis describedby anunstructuredgrid. Thegrid consistsof approximately9,000pointsand
the simulationinvolvesthousandsof timesteps.The structuressimulationcalculatesthe deforma-
tion (vector)and stress(scalar)valuesat eachpoint in the grid. The variablesthat describethe
grid will includethephysical-spacecoordinates(vertices)of thestructure,the connectivityof these
vertices,andtwo physicalvariables:deformationandstress.

Theinformationthe structural dynamicistis trying to extract from thedata is howthe object
deformsandtheresultingstresslevelsontheskinof thevehicle.Someof thevisualizationtechniques
that arehelpful to the scientistincludecolormapsandcontourlinesto showthe stresslevelsand
animationto showthedeformationofthevehicle.Anothervisualizationtechniquethat is helpfulto
the scientistis a plot that showsdeformationovertime. This informationis usefulin determining
when"flutter" beginsand howit progresses.The ability to narrowthe view to a regionof interest
is of importanceto the scientist,asare standardfunctionssuchaschangingthe point of view,
zooming,controllingthe colorrange,andpositioningand viewingcutting planes.

Themultidisciplinarysimulationwill help fluid dynamiciststo understandhowthe deforming
body of the HSCT affectsflow characteristics.The fluids simulationwill involveapproximately
79,000points that definethe fluid volumearoundthe HSCT.Thefluids datasetlies on multiple
grids that describethe volumeabout the HSCT.The physicalvariablesincludeonevectorfield,
momentum,andtwo scalarfields,energyanddensity.Manyadditionalvariablescanbecalculated
from thesevariables,includingthevelocityandpressureof the flow.

Manyvisualizationtechniquesexist for viewingfluid flow. Standardvisualizationtechniques
suchasthe useof color,contours,andplotsprovideessentialfunctionality.Visualizationtechniques
suchasparticletracesandstreamsurfacesareusefulfor visualizingthevelocityfieldof thefluid[15].
Cuttingplanesareeffecti_cefor viewingslicesofdata,suchasthecrosssectionof awing. Vectorfield
topology[ill and volumerenderingtechniques[40]assistscientistswith viewingthe characteristics
of anentireflow field.

4.2 The Data Model

A rich and flexible data model is the central component of the visualization framework. The data

model serves to organize the information in the complex, heterogeneous data sets obtained from

multidisciplinary simulations. The object-oriented model represents the data in a manner similar

to how the user views the data and their relationships. As a result, the model is knowledge-based

rather than structure-based. That is, the model attempts to describe the knowledge content of the

data by defining it semantically rather than reducing it to a collection of numerical data structures.

The core concepts of the object-oriented data model include [19]:

• Object and object identifier: An object represents a real world entity. The object identifier

stores the name of an object and is system-wide unique.

• Attributes and Methods: The values of the attributes of an object constitute the state of the

object. The set of methods associated with an object define behavior, operating on the state
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of the object.

• Classes: Classes organize collections of objects with similar attributes and methods. Objects

are instances of a class and an object belongs to only one class.

• Class Hierarchy and Inheritance: A class may have any number of subclasses that inherit

properties from this superclass. The concept of class hierarchy and inheritance of attributes

and methods along the class hierarchy is what distinguishes object-oriented programming

from programming with abstract data types.

The object-oriented model possesses several quMities that make it appropriate for managing

scientific data. The capability to derive data by applying a method to a data object is an appealing

aspect of the object-oriented model. This allows the designer to express the information content of

the data without having to explicitly store all of its components. When the user queries a derived

data variable, the system computes the values. If the derived data is queried frequently, the system

may chose to permanently store the data.

The ability to extend the data model is also beneficial. The multidisciplinary model will un-

doubtedly grow as the technology becomes more defined and as additional disciplines are added

to the simulations. The object-oriented model is modular and components can be easily added

to expand the data model. For example, if acoustic data is integrated into the data model, an

object representing the acoustic data set would be added to the current class structure. Additional

methods and attributes could be defined to reflect the specific properties of the new discipline.

4.2.1 Data Model - Domain Knowledge

The following description of the object-oriented data model is based on the domain knowledge

of a multidisciplinary, fluids/structures simulation. This high level data model allows for the

semantic description of the data involved in this application. It is different from traditional data-

structures-based models in that it encodes the knowledge about the data. The data model has been

implemented in the Superglue programming environment; a description of the contents of the data

model is given below. Figure 1 shows a simplified pictorial representation of the data model.

Objects and Object Identifiers Each multidisciplinary dataset is an object, representing the

full configuration of a simulated vehicle such as the HSCT. This object contains all of the informa-

tion about the initial conditions of the simulation, such as the flight speed of the aircraft (the Mach

number), the angle of attack and the given conditions of the airstream (i.e. temperature, density,

etc.). The multidisciplinary object also contains the discipline-dependent objects that represent

data from the different disciplines in the simulation.

The fluids and structures data are instance objects of the discipline-dependent class of objects.

As a result, both datasets have similar representations. Their differences are only apparent in

the lower layers of their composition hierarchy, where grid objects and data objects are encoded.

This differences arise because fluid dynamics data typically is based on structured grids and struc-

tural dynamics data is based on unstructured grids. In addition, the physical quantities that are

represented on these grids are different.

Both the fluids and structures objects contain a list of component objects that represent the

real entities that comprise the vehicle (i.e. wing, fuselage, tail). The definition of these components

is typically defined by the grids that comprise the vehicle. For example, in the fluids case, there are

typically several grids that define the volume about the vehicle. This is to ensure that the regions

of interest are densely sampled with points, so that critical information is captured. The sample
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pointsmust be carefullyplacedsincethe numberof pointsthat canbe usedin the simulationis
limited by computingpower.Pointsaredenselypositionedin the boundarylayer,locatednearthe
surfaceof the solidobjects,wheretheflowcomplexityis of interest.

Eachof the componentobjectsis further decomposedinto timestepobjects.Multidisciplinary
simulationsare time-dependentin naturein orderto evaluatethe dynamicaspectsof the vehicle.
Eachtimestepobjectconsistsof thecurrenttimein thesimulation,agrid objectandadataobject.
Thetimestepgranularityfor eachdisciplineisdifferent,sothenumberof timestepobjectsmaynot
beequMin dataobjectsfor differentdisciplines.

The grid objecthasthe informationabout the physical structure of the object. For the fluids

data set this information includes a structured grid that defines the volume about a section of the

vehicle. Additional information includes the locations of missing data points. This is a consequence

of the multigrid composition of the fluids volume, where overlapping points in the grids are ignored.

The grid object for the structures data set represents an unstructured grid. The information

contained in this object includes the physical-space locations and the connectivity of the points

comprising the grid.

The data object contains the data variables that are calculated at each of the points defined

in the grid object. For the fluids data set, this contains the values for momentum, density and

energy. The structures data set includes variables such as stress and deformation. Each of the

objects described in this hierarchy has its own unique name and identifier. This allows it to be

accessed independently and information about the object may be queried by the user.

Attributes and Methods Attributes define the state and characteristics of the objects. In

the case of this object-oriented model, the attributes define the characteristics of the data that

contribute to its mapping to a visual representation. Information such as the name of the data

variable, the dimensions of the data set, whether the data is a scalar or vector field, and how the

data variable is mathematically related to other data variables are some of the attributes that

describe the state of the object. For example, the fluids data set contains the variable momentum.

Momentum can be characterized as a three dimensional vector field of a given dimension which

represents the current state of the object. Attributes also describe the initial conditions of the

simulation such as the Mach number and the angle of attack of the vehicle.

Methods are functions that change the state of the object or create a new object. Methods are

simply small functions that can be written to incorporate more knowledge into the data model.

Methods can be applied to objects to create new objects, as in the case of derived data. The

computed variables stored in the data object have methods attached to them to derive a data

quantity. These methods are typically mathematical relationships. For example, variables such as

velocity and pressure can be derived mathematically from momentum and density.

Methods are used to access and perform queries on the data objects. For example, if the user

is interested in viewing the minimum and maximum data values of the pressure on the wing of the

HSCT, a method can be invoked to query this value. The user can also invoke a method to view

the composition of the data hierarchy.

Visualizations are created and rendered by invoking methods on the data objects in the hier-

archy. Methods typically have the quality of being polymorphic. That is, these methods can be

applied to a wide range of data types. For example, a method exists that draws contour lines. This

method can be applied to the density field that is defined on the wing of the fluids data set or it

can be applied to the stress field that is defined on the tail section of the structures data set. This

aspect of the object-oriented paradigm allows for modularity and code reuse.
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Classes Classesdefinea groupingof objectspossessingsimilar characteristics.Classesareim-
portant in managingdata for tworeasons[19].First, classescapturethesemanticsof thedatasets,
organizingthem by their natural components.This organizationpermits the data to beaccessed
easilyandefficiently.Second,classesprovidethebasisfor queryingthecontentsof the datamodel.
Forexample,if the useris interestedin queryingthe contentsof eachmomentumvectorto seehow
theminimum/maximumvalueschangewith respectto time, this canbedoneby simplysearching
throughall objectsdefinedby the dataobjectclassthat containmomentum.This is easierthan
searchingthroughall of the filescontainingthe datasetsfor eachtimestep.

The objectsdefinedpreviouslyarespecificinstancesof classes,representingthe actualentity
ratherthan theabstractnotionof it. Forexample,theHSCTmultidisciplinarydatasetwasdefined
asa specificinstanceof the multidisciplinaryclass. The fluids and structuresobjectswereeach
instancesof discipline-dependentclasses.

Class Hierarchy and Inheritance Classhierarchiesrepresentthe relationshipbetweenall of
the classesin the object-orientedmodel. The primary classesin this hierarchyinclude: the mul-
tidisciplinaryclass,the discipline-dependentclass,the timestepclass,the grid class,and the data
class.This hierarchyis alsoshownin Figure1.

Inheritanceis oneof the mostappealingaspectsof the object-orientedparadigm.Inheritance
allowstheattributesandmethodsto bepasseddownthroughtheclasses.Classhierarchyandinher-
itanceallowfor the hierarchicaldecompositionof the complexityinvolvedin the multidisciplinary
data set.This is beneficialin that this informationonly hasto be recordedonce.

4.2.2 Data Model - Data Structures

The data model is structured around the application-specific components that exist in a multi-

disciplinary fluids/structures simulation. As a result, its form is not general because it contains

information specific to the represented domains. However, underlying data structures that com-

prise the data objects are general, storing the data in an efficient manner. These primitives are

provided in the Superglue programming environment to support the large data sets found in CFD

and multidisciplinary simulations.

Superglue contains primitives to efficiently manage large data sets[16]. Chunks are contiguous

blocks of untyped memory, memory-mapped directly to the program's address space. Not only

does this avoid exhausting swap space, but it also avoids the initial delay in file reading. The

combination of efficient memory storage and the use of object classes and corresponding methods

is a powerful approach to handling large data sets.

4.3 The User Model

To complement the data model in this visualization framework, the creation of a user model serves

to describe the user and his characteristics. A user model is the knowledge source in a system that

contains explicit assumptions on all aspects of the user that may be relevant to the behavior of

the system. Although this aspect of the framework will not be directly studied in this project, a

brief description of its role in the framework is discussed. This is an area of interesting research for

future projects.

The information in the user model may include the interpretation aims of the user, the back-

ground of the user, and any limitations the user may possess. Interpretation aims (or "operations",

as defined by Wehrend[41]) might include the following tasks: 1) identifying characteristics of the

data such as points on a wing where the velocity field is zero, 2) locating areas of interest in the data
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suchaslow pressureregions,or 3) correlatingdatavariablesto seehow the pressurefrom a fluid
affectsthestructural integrity of awing. Interpretationaimsestablishthe goalof the userandthe
informationheis trying to extractfl'omthedata. Userbackgroundmight!ncludeinformationsuch
asthe subjectivemeaningof certaincolortablesor shadesasrelatedto quantitativeinformation,
or a preferencefor certainvisualizationsandinteractiontechniques.Limitationsof the usermay
includea colorblindness,difficultieswith psychomotorskills(i.e. workingwith a mouse),etc.

The user modelcan be representedusing a stereotypehierarchy,as definedby Kass and
Finin[18].A simplifiedpictorial descriptionofthis usermodelis shownin Figure2. This modeluses
stereotypesto describea generalclassof users.Stereotypesdefinefactsandrulesthat pertain to
the usergroup'sbackground,preferencesanddataanalysisgoals.Modelsaretypically craftedfor
eachapplicationdomain,usuallyby theexplicitcodingof domain-relatedgoals,plansor knowledge
that systemusersareexpectedto have. For this application,the hierarchywouldbe composed
of two main stereotypes,namelythefluid dynamicistsand the structural dynamicists.Eachclass
of usershasa specificacademicbackgroundwhichhas,in turn, led to the useof certaintypesof
physicalmodels,software,computingenvironments,etc.

Thesefactsandrulescanbeof twotypes,either"definite"or "default". Definitefactsandrules
alwaysapply to the givenclassof users.For example,fluid dynamicistsalwaysusemathemati-
cal relationshipssuchas the Navier-Stokesequationsto describethe relationshipsbetweendata
variables. Structural dynamicistsusemathematicalrelationshipsthat describethe deformation
andstressof a body whena forceor pressureis applied. Definitefactscannotbeoverridden,but
informationcanbeaddedto makethemmoreprecise.

Default factsand rulescanbe overriddenasthe stereotypehierarchydefinessmallerclasses
of users.For example,a default rule might be that all fluid dynamicistsusestructuredgrids for
their computations.However,this canbeoverriddenif a certaingroup of fluid dynamicistsuses
unstructuredgridsin their work. Thestereotypehierarchycanbefurther decomposedinto smaller
userclassesandeventuallyto singleusers,whoarerepresentedasleafnodesin this hierarchy.

The simplifiedusermodelfor this project will incorporatethe preferencesand interpretation
aimsof a singlescientist.Thepreferencesof thisscientistwill beincorporatedinto thedesignof the
visualizationsystem.Theinterpretationaimsof the scientistwill changefrequentlyasthescientist
investigatesdifferentaspectsof hisdata. As a result, interpretationaimswill bespecifiedby the
scientistduring a queryto the visualizationsystem.Threecategoriesof interpretationaimshave
beenchosenfor incorporationinto theprototypesystem.Theseinterpretationaims,or goals,were
obtainedfrom Wehrend[41]:identify/locate, categorize/compare,and associate/correlate.The
first category,identify/locate, dealswith data of a singledata variablein which singlevalues
areof interest (i.e. searchingfor the locationsof wherevelocity valuesareequalto zero). The
secondcategory,categorize/compare,dealswith multiplevalues,or a rangeof values,of a single
data variable(i.e. locating low pressureregionsby usingcontoursthat categorizethe data). The
third category,associate/correlate,dealswith relationshipsbetweenmultiple data variables(i.e.
correlatingthe datato seehowpressureaffectsdeformation).Thesethreecategoriesaccommodate
three typesof interpretationaimsthat areof interestto the scientist. Theseinterpretationaims
maybe redefinedand/or expandedastheproject evolves.

4.4 The Machine Model

The machinemodelis perhapsthe moststraightforwardof the componentscomprisingthe visu-
alizationframework. This modeldetailsthe capabilitiesof the computingenvironmentavailable
for scientificuse,both in termsof softwareand hardwareresources.The scientistshouldnot be
expectedto knowwhattypeof environmenthehasavailableto him. This informationis important.
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however,impactingwhat type of visualizationwill beappropriatefor a givenconfiguration.Infor-
mationwill beencodedinto themachinemodel,specifyingthetype of system,monitorresolution,
graphicscapabilities,colorfacilities, CPU,memory,availablegraphicslibraries,etc. This model
will describea widespectrumof machines,from laserprinters(for publication)to workstationsto
virtual reality systems.Theincorporationof the machinemodelmakesthe systemveryportable,
allowingthe scientistto viewhisdatain manydifferentenvironments.

This projectwill incorporatea simplifiedmachinemodel,describingthecurrenthardwareand
softwareusedbythe scientist.Thehardwarecharacteristicsof this modelreflecta SiliconGraphics
(SGI) workstation.The capabilitiesof the SGI hardwareandsoftwarewill be incorporatedwhen
transformingthe data into visualizations.The softwarecharacteristicsreflectthe capabilitiesof
the Superglueprogrammingenvironmentandthe visualizationtechniquesthat it possesses.

4.5 The Knowledge Base

The knowledge base contains information that will assist in the production of effective visualiza-

tions. This information includes rules and facts from graphic design and visual perception and the

advice and knowledge of scientists in the different scientific domains. Rules and facts from graphic

design have been documented by such researchers as Bertin[2] and Tufte[38]. Perceptual rules

and guidelines are also readily available[5, 17]. Information has also been collected by researchers

specifically for scientific visualization, including Senay and Ignatius[31] and Wehrend and Lewis

[41]. Input from the scientific domains will be obtained by interviewing scientists with regard to

which visualizations are most effective for them in the interpretation of data.

An "evaluation matrix" [8] will serve as the mechanism that will integrate the information in the

knowledge base with that of the data, user, and machine models. The evaluation matrix will be three

dimensional, having axes that represent data model characteristics, user model characteristics, and

machine characteristics. Each location in the matrix will have one or more visualization techniques

that fit the characteristics of the three dimensions. The evaluation matrix will be filled based on the

rules of perception, graphic presentation and knowledge from the scientific domains. In order to fit

these rules with the characteristics in the three models, the expressiveness and effectiveness criteria

developed by Mackinlay[22] will be used. Expressiveness criteria determine how well a graphical

representation expresses the information stored in the data. Effectiveness criteria determine if the

graphical representation takes advantage of the output medium and the human visual system. If

more than one visualization exists, they will be prioritized according to this evaluation process.

For example, the axis describing the data characteristics will contain coordinates representing

the contents of a leaf node on the data model (i.e. "fluids data, wing object, timestep 1, 3 di-

mensional vector field, physical variable is velocity"). In order to represent relationships between

data variables, all combinations of data variables will also be encoded. The axis describing the

user will be similar, containing the characteristics of an individual user (i.e. "Fluid dynamicist,

NASA Ames Research Center, research in particle simulation, prefers point-and-click interface,

color blind"). Finally, the axis describing the machine model will contain details about the specific

hardware available (i.e. "Silicon Graphics 420/VGX, true color, 48 MB RAM"). The visualization

technique that would support these three factors would be that of a particle trace or flow ribbon.

This is derived from the following rule, attributed to Shirley and Neeman[34] and compiled by

Senay and Ignatius [31]: "Particle advection does not necessarily show twisting in a vector field. If

it is desirable to display twisting effects, one should use flow ribbons." A pictorial description of

the evaluation matrix is shown in Figure 3.

The evaluation matrix for this project will be an N x 1 x 1 matrix, where N is the number of

data variables and data variable combinations obtained fl'om the data model. Since only one user
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andonemachinewill beusedfor this project, the dimensionsof the two remainingaxeswill be
one. At first thesemappingswill beperformed,by handand encodedinto the evaluationmatrix.
Futureresearchwouldinvolveautomatingthe generationof the evaluationmatrix basedon the
informationin the modelsand the rules in the knowledge base.

4.6 The Prototype Visualization System

This prototype system will be implemented in Superglue[16], an object-oriented programming en-

vironment based on the language Scheme. Superglue is under development at the NASA Ames

Research Center and supports a rich base of visualization primitives. As a result, the programming

of visualization techniques can be kept to a minimum by taking advantage of previously written

software. The system will use the knowledge embodied in the data model and the knowledge base.

A simplified user and machine model will be incorporated into the creation of the mappings stored
in the evaluation matrix.

A prototype interface has been developed to lead the scientists through the visualization process.

These interface pictures are preliminary and they will be presented to the scientist and iterated upon

during the course of the project. The interface will ask the scientist to input what data set they

would like to analyze. Figure 4 shows this main interface with four data sets the scientist may select

from. The interface will then ask for input regarding what data items the scientist is interested

in. Figure 5 shows the template that the scientist will use to select data. The scientist must also

select the interpretation aim (or "goal" as specified in the interface) that he wishes to perform on

the selected data variables. The system will suggest and display the visual representations based

on this data query and the information modeled in the framework, specifically, the data model.

The results from the separate visualizations will be displayed separately or merged together if

the representations do not detract from each other. If the results are displayed separately, the

visualizations will share the same orientation. Figure 6 shows the resulting visualizations.

Interactivity and direct manipulation will be an important aspect of this prototype visualization

system. The system will allow the user to manipulate the resulting image. Multiple, coordinated

views give the scientist the ability to associate the data sets by coordinating the viewing perspective
in each window.

If the scientist is not satisfied with the selection made by the system, they have the option to

override and select their own visualization. This can be done by selecting the "User Select" button

and choosing which visualization technique they are interested in. This is shown in Figure 7. The

system will determine if the selected visualization can be applied to the selected data and present
the result to the scientist.

In order to illustrate how the scientist would interact with the data-model-based system, the

following brief scenario is presented. A structural dynamicist is interested in viewing how the forces

of the fluid flowing over the vehicle affect the structural integrity of the wing on the HSCT. In order

to view this relationship, he first selects the HSCT data set (Figure 4). He is then required to input

which object he is interested in viewing, the range of timesteps, the data variables that influence

the phenomenon, and his intepretation aim (Figure 5). He selects the wing object and the last

10 timesteps. The physical variables that he is interested in include the pressure of the fluids data

set and the deformation of the structures data set. His interpretation aim is to correlate the data

variables so that he may understand how one variable affects the other. The scientist is presented

with several visualizations depicting the query that he has made (Figure 6).

The first visualization shows the distribution of pressure over the wing using contours. This

visualization has a cross-bar cutting slices in the wing and showing a plot of the pressure distribution

at this slice. Plots are helpful to the scientists in performing a more quantitative analysis of the data.
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Theyshouldbeusedoften in conjunctionwith qualitativevisualiz.ations.Thethird representation
viewsthe deformationin animatedform,cyclingthroughthetimesteps.Animationis effectivein
viewinghowthedeformationwarpstheobjectovertime. Sinceall representationsarecoordinated,
eachrepresentationis cyclingtogetherwith the deformation.The scientistis advisedthat if he
is interestedin stoppingand investigatinga certaintimestep,that hemayselecta timestepusing
thesliderbarprovidedin the window.Thefourth representationalsocorrespondsto the crossbar
in thefirst visualization(it is alsopresentedin the animation)allowingthe viewerto seethe plot
of the deformationacrossthe crosssectionof the wing. As mentionedpreviously,the viewpoints
of all representationsarecoordinatedin the windows.The viewpointcanbe changedin anyof
the visualizationsandthis changewill be reflectedin the other representations.If the scientistis
interestedin viewingvisualizationsdisjointly,hehastheoptionof "disconnecting"oneor all of the
visualizations.

The datamodel is responsiblefor interactingwith the knowledgebasein generatingeffective
visualizations. However,the scientistshouldalsobe ableto accessthe knowledgein the data
modelin performingqueriesabout thecontentsof thedataset. Thedatamodelshouldbeclearly
representedto thescientistsohemayinteractwith it easily.This is accomplishedusingagraphical
interfacethat allowsthe scientistto investigatethedatamodelandbrowsethroughits components.
The graphicalrepresentationof the data modelpresentsinformation to the scientistabout the
contentsof the data. This informationincludesthe basicattributesof thedatasuchasthesizeand
dimensionalityof the datasets.A sampleinterfacethat demonstrateshowthescientistmayquery
the data modelis presentedin Figure8. This pictureof a prototypeinterfaceshowsthe scientist
queryingtheobject-orientedmodelandviewingthe componentsof anobjectin the datamodel.

Oneof thebenefitsof incorporatingall of thesemanticinformationaboutthedata in themodel
is that the systemcanautomaticallyannotatethe visualization(s)usingthe semanticinformation
stored in the data model. For example,if the scientist queriesthe pressureon the wing, the
resultingvisualizationmight presenta contourmapwith the informationaboutthe pressurevalues
labeledasshownin Figure6. Thiscouldincludeinformationaboutthespecifieddataobject: initial
conditioninformation, the rangeof pressurevalues,a labeledcolortable,etc. This informationis
often ignoredand this canleadto misinterpretationof the data[12].

Thecurrentversionof the softwarethat implementsthis frameworkconsistsof the baselayerof
the datamodel. Work is in progressto integratethe datamodelwith the visualizationprimitives
that areavailablein the Superglueprogrammingenvironment.The useris currently ableto view
the contentsof the multidisciplinarydatamodelandto queryits contents.Theonly visualization
techniqueavailableis the representationof the grid geometries.

4.7 User Interaction and Response

Thescientistwill beapart of theentiredesignprocessof thissystem.This will allowfor interaction
betweenthe scientistandthe designerregardingthe developmentof the system.Participationby
thescientistin thedesignprocesswill helpto assurethat the systemfits the needsandinterestsof
the user.

Scientistswill testedusingthe systemduringits developmentcycleanduponcompletion.The
goalof this interactionis to assesstheeffectivenessof this type of approachin the developmentof
visualizationsystems.Usertestingwill involvethe "Thinking Aloud" approach[20],whichencour-
agesscientiststo verballyexpresstheir thoughtswhileworkingwith the system.This is effective
in pointing out difficultiesin usingthe system.This cognitivetechniquehasbeensuccessfulin the
pastin determiningproblemareasin theevaluationof scientificsoftware[23].

Theuserwill alsobesurveyedandaskeda seriesof questionsconcerningpastexperienceswith
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visualizationsystemsand questionsabout the currentapproach.Someof the issuesthat will be
addressedincludeease-of-use,productivity,flexibility, and trust in the accuracyof the generated
visualizations.

Responsefrom the userwill be theonly real wayto knowif the useof assistant-basedsystems
is a plausibleapproach.Userinput is critical throughoutthe designproject to determineif such
anapproachto visualizationsystemsis a positivestep.

5 Contributions of Proposed Work

The contribution of this work comes in two parts, a theoretical foundation and a user tested

implementation. In the design of the assistant-based system, the development of a structured

framework is required in order to define the necessary components that must comprise such a

system. The development of this framework provides a structure from which systems can be built

and expanded. This structured approach to visualization, as opposed to current ad hoc approaches,

is a step towards understanding the visualization process as a whole.

The development of an assistant-based visualization system will help create effective visualiza-

tions for the scientist. This leads to more accurate interpretation of the data since knowledge fl'om

various domains such as graphic design and visual perception, goes into the development of the

representation. This knowledge is typically not possessed by the scientist who often relies on the

help of a visualization expert. By freeing the scientist from having to consult with this expert, the

visualization process can be made more productive. This approach is a significant contribution to

the design of visualization systems in that it makes visualization technology more accessible to the

typical scientist.

Although work has been done in encoding information about graphical representations, this

project will attempt to codify this information in such as way that it can be applied to visualization

systems. The research presented in this proposal builds off the foundation set by the previous

research projects mentioned in Section 3.2. It expands on this research by modeling the all of the

components that comprise the visualization process. As a result, the necessary information for

generating effective graphics is available. Differences between previous research and this project
are described below.

Haber and McNabb's work does not implement data, user or machine models to formalize

the visualization process. However, they place an emphasis on the generation of the visualization

mappings that are essential in creating visualizations. Mackinlay's APT was intended for graphical

presentations of relational information. Mackinlay's designs were not oriented towards scientific

visualization, but rather the development of charts and graphs. Robertson and De Ferrari have

acknowledged the need for a formalization of the visualization process, but have not gone beyond

defining the need for data models and the user's goal-related input. They currently do not have

an implemented system. Wehrend and Lewis's work is a categorization of visualization techniques

based on the characteristics of the data and the perceptual task to performed on the data. They

did not attempt to encode this knowledge in the development of a visualization system. Senay and

Ignatius do not define the components specified in this proposed framework, specifically, the data

model. However, they examine how the user and the task at hand are involved in generating visual

representations[33] and have an extensive knowledge base of perceptual and graphic design rules.

Senay and Ignatius do have a system that is currently implemented, although the design time for

creating a visualization is prohibitive.

This project builds on the individual strengths of these research projects. In addition, this

project creates the necessary framework for implementing an assistant-based visualization system.
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Specifically,agreatdealof attentionwill bepaidto definingthedatamodelandusingtheknowledge
containedin the data to generatevisualizatioas.Becausethe knowledgewill be encodedin the
evaluationmatrix, the generationof visualizationswill only requirea table lookup. Therefore,

there will be almost no delay in suggesting the visualization in addition to the rendering time.

By incorporating a data model, this work will emphasize data management and representation

issues that have been missing from most visualization systems. The data model will incorporate

knowledge about the data as opposed to defining data structures which merely store the data. This
will allow the user to view the data in their own terms and not in the form of data structures defined

by computer scientists. It will also allow the system to develop effective visualizations based on

this knowledge. Current systems lack data models which contain the high level knowledge that can

assist the scientist with their data analysis. The object-oriented paradigm will be used as the basis

for the data model. The object-oriented paradigm allows for modularity, code reuse, expandability

and the capability to derive data usings methods.

This solution addresses the challenge of organizing and managing multiple, heterogeneous data

sets and their resulting visual representations. Since multidisciplinary simulations will be more

common as computing technology advances, this type of system will explore data management

issues. Data management has finally been recognized by the visualization community as an essential

component of any visualization system. This project attempts to address this issue by incorporating

object-oriented data modeling techniques.

A disadvantage of this type of system is that it will lack the flexibility that some scientists would

like. If this is the case, the user may always select her own visualization (as shown in Figure 7).

There will be many difficulties in the development of this project. The most formidable problem

will be in gathering and representing the vast amount of knowledge from the scientific domains into

a knowledge base that can be accessed and used effectively. Another problem will be creating the

interface with which the scientist can deal with his data in the most natural and intuitive way.

Many problems will undoubtedly be posed by the large, heterogeneous data sets.

6 Timeline

In order to map out how this project will evolve, a sequence of milestones is presented. This will

be useful in keeping the project on course and assessing progress. In addition, it attempts to define

when this project will be considered "done". Figure 9 shows how the following work segments are

distributed over the course of the project.

i.

B.

C°

Encode the Data Model: Create the base structure of data model, incorporating all of the data

variables that are involved in the fluid/structure interaction scenario. Encode this information

so that it fits into the Superglue programming environment. This will ensure that the software

takes advantage of what Superglue has to offer and does not stray from the main goal of the

research. Encode information about the data attributes, constraints on the data, relationships

between data variables, including derived data types.

Unstructured Grids: Some programming will be required to incorporate visualization tech-

niques for unstructured grids so that structural dynamics data sets can be visualized. Mem-

bers of the Superglue development team will assist with this development to further the

capabilities of their environment.

Visualization Support: Ensure that the visualization system can provide support for all of the

visualization techniques that are incorporated in the system. Provide for facilities to label
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data, provide color tables, etc. so that information is well annotated and the scientist can

easily understand what their visualizations mean.

User/Machine Models: Set up a simple user and machine model that will contain information

about a single user and a single machine in the scientist's environment.

Perception/Graphic Design Research: Gather information from visual perception and graphic

design from the various sources that have researched this issue.

Work with Scientist: Perform a study with a scientist as to which representations best repre-

sent his data. Spend time with the scientist learning about his/working environment, habits,

and extracting knowledge that can be embodied for the generation of visualizations.

Encode Knowledge: Based on the information gained from the scientist, the rules from graphic

design and perception, and the description of the data, encode appropriate visualization tech-

niques into the evaluation matrix using the evaluation criteria. Together with this encoding,

provide the rules and reasons behind the selection of visualization techniques. Provide for

the use of multiple visualization techniques for a single query and determine how they will

be prioritized.

User Interface: Develop a user interface that will provide easy access to the data and in the

specification of the goals. Provide for messaging window which states why selected visualiza-
tions were chosen.

User Survey: Survey the scientist to determine the effectiveness of this type of approach.

Write Up Results: Perform final analysis and write up results in final draft of the dissertation.

7 Conclusions and Future Research

In order to effectively analyze the vast amounts of data being generated today by complex computer

simulations, scientists require the help of some type of intelligent assistance. Current visualization

systems are often overpowering and do not provide the scientist with much guidance as to how

to proceed with their data analysis. Without this assistance, the scientist is required to learn the

complexities of generating visualizations and understand how to use visualization software packages.

This knowledge base is broad, requiring expertise in visualization, graphical presentation, visual

perception and knowledge of the application domains.

The principal contribution of this work is the development of an assistant-based visualization

system, based on a structured framework, for the design of effective graphics. The components of

this framework include: a data model, a user model, a machine model, and a knowledge base. Each

of these components defines its domain and contributes to the development of useful visualizations.

The emphasis of this project will be the development of the data model, the central component of
this framework.

This approach to visualization is intended to reduce the current level of complexity in visualiza-

tion systems, transforming them from "systems the scientist must serve into productive tools that

serve the scientist" [6]. The end result will lead to increased productivity for scientists so that they

can more efficiently analyze the large data sets that are produced by modern simulation technology.

Future research plans include incorporating full user and machine models that take into account

the task at hand as well as the varying types of input and output devices available to scientists.

This effort will complete the characterization of the visualization environment and demonstrate the
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impactthat eachof thesecomponentshasin thedevelopmentof visualizationsystems.Automating
the applicationof the knowledgebaserules to the individual modelswould be anothermajor
contribution. Currently the rulesareapplied by hand. If this processcould beautomated,the
time requiredto generatethe evaluationmatrix wouldbesubstantiallyreduced.Finally, dueto
the largesizeof the data setsthat will be encountered,database-orientedissueswill needto be
addressed.A distributed,persistentobject databasederivedfrom the original datamodelwould
bevaluablefor managinglargemultidisciplinarydatasets.
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